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Abstract. Measurementérom the Polar satellite provide evidencefor large
electricfield structuresn the plasmasheetat geocentricdistancef 4-7 Rg.
Thesestructureshadamplitudesperpendiculato the ambientmagneticfield that
canexceed100mV m~! (6 s averaged).Two years(from May 1, 1996,to April
30, 1998)of electricfield data(Ez componentapproximatelyalongGSEz) were
suneyed. The distribution in invariantlatitude (ILAT) andmagneticlocal time
(MLT) of large perpendiculaelectricfield events(definedas >20 mV m~! for

a 6-s average)delineateghe statisticalauroraloval with the majority of events
occurringin the nightsidecenteredaroundmidnightanda smallerconcentration
around1500MLT. The magnitude-ersus-altitudelistribution of theelectricfields
betweerd and7 Rg in thenightsidecould be explainedby modelswhich assume
eithershearAlfv énwavespropagatingnto regionsof largerbackgroundnagnetic
fields or electrostaticstructuresdeingmappedjuasi-staticallyalongequipotential
magnetidield lines. In addition,this surwey yielded24 very largeamplitudeevents
with |E;| >100mV m™! (6 s averaged)all of which occurredin the nightside.
In the spacecrafframe,theelectricfield structureoccurredon timescalesanging
from 10 to 60 s. About 85% of theseeventsoccurredin the vicinity of the
outerboundaryof the plasmasheetitherestoccurredin the centralplasmasheet.
The polarity of the electricfields wasdominantlyperpendiculato the nominal
plasmasheethoundary For alarge fraction of events(<50%)theratiosof electric
and magneticfields in the periodrangefrom 10 to 60 s were consistentwith
Alfv énwaves. Large Poynting flux (upto 2.5 ergscm~2s~!) dominantlydirected
downwardalongthe backgroundnagnetidield wasassociateavith 21 events.All
24 eventsoccurredduring geomagnetidisturbancesuchasmagneticsubstorms.
A conjugatestudywith groundstationsfor 14 events(out of the 24 events)shoved
thatthesestructuresoccurredduring timesof rapid changesn the H component
(or X componentpf magnetometedata. For mosteventsthis time corresponded
to theexpansiorphasewo eventsoccurredduringa quickrecovery of thenegative
H baysignature.Thusthereis evidencethatlarge electromagnetienegy transfer
processem the plasmasheebccurduringthemostdynamicphaseof geomagnetic
disturbancesFromthe statisticalanalysisit wasfoundthatPolarobsered events
largerthan100mV m~! (50 mV m1!) in the plasmasheetbetween2100and
0300MLT with a 2-4% (15%) probability per crossing. Theseprobabilitieswill
be comparedo the probability of substormoccurrencealuring Polarplasmasheet
crossings.



1. Intr oduction

The interestin large electricfields (perpendiculato the
ambientmagneticfield) on auroralfield lines has existed
sincetheir first obsenation by Mozeret al. [1977]. It has
beenanongoingissuein auroralphysicsto discovertheori-
gin of thesefields,andto establisttheir role in auroralphe-
nomenasStatisticalstudiesof electricfieldsin andabovethe
auroralzonemadewith datafrom S3-3[Mozeretal., 1977;
Bennettet al., 1983;Redsuret al., 1985], ISEE 1 [Mozer,
1981;Cattelletal., 1982;Levin etal., 1983],DE 1 [Gurnett
etal., 1984;Weimerand Gurnett 1993], Viking [Lindqvist
and Marklund, 1990], and Freja[Karlssonand Marklund,
1996] have establishedhat thesefields are commonfrom
theionospheraipto atleast23 Rg geocentridistance Re-
centGeotailstudied Cattelletal., 1994;Streedetal., 2000]
have shavn thatthey canoccuroutto 100 Rg .

An importantresultfrom someof thesestudies|Bennett
etal., 1983; Redsuret al., 1985; Karlssonand Marklund,
1996] hasbeenthat the large perpendicularlectric fields
obsened at altitudesbetween1400and 8000 km delineate
the statisticalauroraloval. This wasevidencethatthe per
pendicularelectricfieldsin this altituderangewererelated,
and led to the questionof whetherauroral electric fields
measuredat different altitudesresult from mappingalong
equipotentiaimagneticfield lines of electrostaticstructures
created,presumablyin the auroral acceleratiorregion to
altitudes of obsenation. Mozer [1981] and Levin et al.
[1983] investigatedhis issue,andfor geocentricdistances
greatetthan4 R g theirresultswereconsistentvith the sim-
ple modelin which the electric fields map quasi-statically
to high altitude. The decreasén magnitudeof the electric
field valueswith altitudewasexplainedthroughgeometrical
spreadingof equipotentiaimagneticfield lines. Deviations
from this modelat lower altitudeswere interpretedas evi-
dencefor field-alignedpotentialdrops[Mozeret al., 1977,
Mozer, 1981;Weimerand Gurnett 1993]. Othertheoretical
studies[e.g., Hase@awa 1976; Goertz 1984; Mallinckrodt
andCarlson 1978]andobsenationalcasestudiede.g.,Du-
binin etal., 1990;Lotko and Streltsos, 1997;Wygantetal.,
2000] have suggestedhat someof the electricfield struc-
turesseenin theauroralzoneandabove could be causedy
Alfv énwaves,which areelectromagnetistructures.

A region of greatimportanceto auroralsubstornphysics
is the plasmasheetboundarylayer (PSBL). It is locatedbe-
tweenthetail lobesandthecentralplasmashee{CPS),con-
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nectingthe auroralacceleratiorregion with the distanttail,
wherereconnectiorprocessefiave beeninvoked [Baker et
al., 1996,andreferencesherein]. The determinatiorof the
structureof the PSBL hasbeenanimportantissuein magne-
tosphericphysics,becauseahe PSBL is intrinsically linked
to auroralphenomenaWith respecto the electricfield the
structureof the boundaryin the magnetotailhas beenex-
plored by the ISEE satellites[Cattell et al., 1982; Peder
senetal., 1985; Parks et al., 1984] at 7-23 Rg geocentric
distanceand by Geotail [Cattell et al., 1994, Streedet al.,
2000] up to 100 Rg. A recentPolar study by Wygant et
al. [2000], who examinedlarge perpendiculaelectricfields
(> 100mV m~1!) andassociatednagneticfield fluctuations
in the PSBL at geocentricdistancef 4-6 Rg during two
plasmasheetpassesshaved that the fields were consis-
tentwith Alfv énwavescarryinglarge Poynting fluxes(1-2
ergscm—2s71, in situ) alongthe magneticfield toward the
ionosphereandthatthe fieldswere magneticallyconjugate
to intenseauroralstructures.

In this paperwe will presenthe first statisticalstudy of
electricfieldsin thehigh-altitudeNorthernHemisphereov-
eringthe periodfrom May 1, 1996,to April 30,1998,using
datafrom the Polar satellite. We examinedlow-resolution
spin-averageddata (<1/6 Hz). Only the componentper
pendicularto the ambientmagneticfield was considered.
The dependencef the electricfield on magnetidocal time
(MLT), invariant latitude (ILAT), and geocentricdistance
wasinvestigated. This study complementgprevious statis-
tical studiesby making useof Polars uniqueorbit and at-
temptsto shedfurther light on the spatialdistribution, oc-
currencefrequeng, and mappingcharacteristic®f perpen-
dicular electricfields on auroralfield lines. Polaris placed
in an18-hourpolarorbit (80° inclination), with perigeeand
apogeeof 2.2 and 8.5 Rg, respectiely. Henceit offers
the opportunityto examinethe plasmasheetand its pole-
ward boundaryat geocentricdistancesf 4-7 Rg, aregion
which is intermediatebetweenthe auroralacceleratiorre-
gion (~1-3 Rg) andthe moredistantportionsof the mag-
netotail. A study of this region is relevantfor processe
the auroralacceleratiorregion andin the magnetotail. In
additionto the large databasestatisticalstudy a casestudy
of the largestperpendiculaelectricfields (definedas>100
mV m~—1) measuredby Polarwasdone. Twenty-fourof such
eventswerefound during the 2-yeartime periodof the sta-
tistical study In ~85% of the caseghe satelliteencountered
thelargestof the electricfieldsin alocalizedregion nearthe
lobe-PSBLinterface;the remainingeventswerefound fur-
therinto the plasmasheet.As examplesof large-amplitude
events, we presentthree Polar passesvhich shaved very
large perpendicularlectric fields in the PSBL at geocen-
tric distanceof 4.5-6 Rg. Inspectionof the E-to-B ratios
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of the perturbatiorfields give evidencethata large fraction
(<50%) of the largestevents(|E | >100mV m~!) areof
Alfv énicnature.The majority of events(21 events)wereas-
sociatedwith strongearthvard Poynting flux. Furthermore,
atemporalcomparisorof 14 of thelargestPolareventswith
groundmagnetometerecordss presentedThegrounddata
allowed us to placethe spacecrafdatainto the context of
theoverallsubstormsystem.Oneimportantconclusiorfrom
this comparisons thattheseeventswereassociateavith ge-
omagnetidisturbancesuchassubstorm®ccurringin close
temporalproximity to substornonsetor intensification.

2. Instrumentation

In this studywe usedPolarspacecraftiatafrom the Uni-
versity of California (UC) Berkeley Electric Field Instru-
ment [Harvey et al., 1995], the University of Californaia
atLos Angeles(UCLA) FluxgateMagnetometefRussellet
al., 1995],andthe University of lowa HydraPlasmalnstru-
ment[Scudderetal., 1995]. Theelectricfield is determined
from a measuremenf the electric potentialdifferencebe-
tweenpairsof current-biasedphericalsensors.Thesesen-
sorsare deployed at the endsof three orthogonalpairs of
boomswith tip-to-tip separation®f 100and130m (in the
spin plane)and 13.8 m (along the spin axis). The three-
axis electricfield vectoris sampledat 20 samplesper sec-
ond(sometimeat40samplegpersecond) For thestatistical
analysisonly datafrom thesensorsn thespinplane,which
is approximatelyalignedwith the local meridional plane,
wereused. For otherpartsthe full three-dimensionatlec-
tric field vectorwasused.The magnetidield vectoris sam-
pled at ~8.3 samplesper secondby the three-dimensional
fluxgatemagnetometefThe particledetectorprovidesmea-
surementf electronandion enegy flux at 1.2- and12-s
time resolutions of which the latteris usedin this study in
theenegy rangefrom 12 eV to 18 keV.

In additionto Polardata,we utilized magnetometedata
from ground stationsto determinesubstormphases. The
ground magnetometedata were taken from four magne-
tometerarrays:the CanadiamAuroral Network for the Open
Unified Study (CANOPUS),the MagnetometerArray for
CuspandCleft Studies(MACCS),the 210degreeMeridian
Chain(210MM) [Yumotoetal., 1996],andtheInternational
Monitor for Auroral Geomagneti&ffects(IMA GE).

3. Data Analysis

The electricfield datausedfor this studywere obtained
from key parameterdataand high-resolutiondata (20 and
40 samplegersecond).Theelectricfield in the key param-
eterdatabasés computedonceper spin period (6 s) apply-
ing sinewave spinfits to the electricfields measuredn the
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spacecrafspin plane. For the statisticalpart of this study
we usedthe Ez componentwhich points north (approxi-
matelyalongGSEz), andat geocentridistance®f 4-7 Rg
onPolarsorbit it is approximatelyperpendiculato theam-
bientmagnetidield andthenominalplasmasheetboundary
SinceEz is notalwaysexactly perpendiculato theambient
magneticfield, the value of the full perpendiculacompo-
nentis slightly underestimatedA databasevasconstructed
from the key parametedatabasdy determiningthe largest
electricfield in each30-sinterval. This databasevasused
to generatedistribution plots for the electricfield asfunc-
tionsof ILAT, MLT, andgeocentridistance.Only dataob-
tainedat locationswith ILAT betweerb0° and90° (North-
ern Hemispherewere included. During the period from
May 1, 1996,to April 30, 1998,the Polarspacecraftom-
pleted~940orbitsandtwice asmary auroralzonecrossing
in the northernhemisphereresultingin about1.7 million
evententriesin our databaseNote thatfor differentpartsof
this study subset®of the databasevereused,which will be
indicatedwhenappropriate.

A typical passof Polaracrossthe northernhemisphere
shaws large perpendicularelectric fields (>20 mV m—1)
in the plasmasheetandin the cusp. This is illustratedin
Figure 1, which shavs a projectiononto the noon-midnight
planeof electricfield eventswith amplitudedargerthan20
mV m~! occurringbetweer0900and1500MLT, and2100
and0300MLT asafunctionof radialdistanceandmagnetic
latitude. The bulk of the datain the nightsideoccurredon
auroralfield linesbetweert5° and75° andbetweerd and7
REg geocentriadistance.Daysideelectricfield obsenations
occurredat higherlatitude and larger geocentricdistances.
The altituderangevariesbecausef Polars elliptical orbit.
For mostpartsof this study we characterizeelectricfields
onauroralfield linesin the nightside(moredetailis givenin
sectiord).

The electricfields inside the plasmasheetand the cusp
are highly variable. An exampleof a plasmasheetcross-
ing obsened by Polaron August29, 1997, during an out-
boundpassfrom the equatoriaplaneto thetail lobeis given
in Plate1l. Plateslaandlb shav the two componentof
the electricfield measuredn the spin planeof the satellite.
The Ex componenbf the electricfield is approximatelyin
the ecliptic plane,with positive valuesin thedirectionaway
fromtheSun.The Ez componenpointsnorthwardandper
pendicularto the ecliptic plane (approximatelyalong GSE
z). Platelc shaws the east-wesperturbationfrom the am-
bient magneticfield. This componenties approximatelyin
the planeof the nominalplasmasheet. Plate 1d shaws the
electrondensitydeterminedrom the Hydra particle detec-
tor. Platesle and 1f shav the enegy spectraof ions and
electrons Theintensityis color-codedwith redrepresenting
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thehighestintensityandbluerepresentinghe wealest.

Duringthepasson August29, 1997 thesatelliteencoun-
teredthe inner edgeof the plasmasheetat ~ 0950UT, in-
dicatedby the gradual,dispersie-like increaseof ion and
electronenegy up to plasmasheetvalues. The crossingof
the entire plasmasheetlastedfor ~40 min, during which
Polarencounteredwo field-alignedcurrentsheetsof oppo-
sitedirectionandone”bipolar” electricfield structure(~40
mV m~! at 1020UT). At ~1033UT, Polarmostprobably
crossedhelobe-PSBLinterface enteringalow-enegy elec-
tronregion,known aspolarrain [Winninghamand Heikkila,
1974]. Polarrainis anindicatorfor openfield linesandex-
tendsacrosshe polarcap. At ~1037UT the satellitereen-
teredthe plasmasheet,inferredfrom the abruptincreasean
theion andelectronfluxesto plasmasheetvalues. This in-
terpretatiorasopposedo aspatiallystructurecplasmasheet
is further supportedby Polar measurementsf the other
two magnetidield componentg¢meridionalcomponentsyot
shavn) andthe GOES-9satellite (not shown), indicatinga
dipolarizationaround1037UT and 1032 UT, respectiely.
This dipolarizationcausedan expansionof the outer edge
of the plasmasheetwhich sweptby the satellite. Polarre-
mainedin the plasmasheetuntil around1200UT, whenit
againenteredheloberegion,indicatedby low-enegy elec-
tronsandno visible ionsin the Hydra measurementgsim-
ilar to thefirst leaving of the plasmasheetat ~1033 UT).
It is interestingto note that the first and secondcrossings
of the lobe-PSBLinterface occurredat very differentval-
uesof ILAT, namely ~67° and~75°, respectiely. Thisre-
flectsthe well-known thinning andexpansionof the plasma
sheet[e.g., Baumjohannet al., 1992]. This interpretation
alsoagreesvell with groundobsenationsfor thisevent(pre-
sentedn section5.4),indicatingsubstornmexpansiorandre-
covery phasesluringthetime of the plasmasheetcrossing.

The secondentry of the plasmasheetat 1037 UT coin-
cidedwith a densityjump of the electronsfrom 0.1to 0.4
cm~3, andadownwardcurrentsheetsindicatedby theshift
in thedc level of By (Platelc). Thecurrentsheetwascar
ried over Polar owing to the rapid dipolarization. It most
likely is the samecurrentsheethatwasencounteredbefore
Polarleft theplasmasheetit~1033UT. Becaus®f therela-
tivemotionof theboundaryandthesatellite theslopeof By
is in the oppositedirection. After plasmasheetentry, Polar
encounterea localizedregion of largeelectricfield fluctua-
tions, lastingfor a periodof ~5 minin thespacecrafframe.
Within this region, high-resolutionmeasurementprovide
evidencefor spiky electricfieldswith amplitudegangingup
to 300mV m~1! anddurationsof 1/10-1s (notshawvn). These
rapidtime variationsweresuperimposedntheslowervary-
ing signalwith amplitudesof upto 120mV m—1! (6-saver-
age). The electricfield structurealsocoincidedwith strong
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magneticfield fluctuations. For the remainingcrossingof
the plasmasheet(until ~1200UT), Polarrecordedmuch
smallerelectricfields (<30mV m—1).

Furthermorea computersearchwas conductechat re-
cordedall eventsfor whichthe E; componenbf theelectric
field exceededan amplitudeof 100mV m~!. The plasma
regions for theseeventswere determinedby inspectionof
particledata(Hydra). For 14 out of the 24 events,we iden-
tified groundstationscloseto Polar's magneticfootpoint at
the eventtimes. The grounddatawere usedto establisha
temporalrelationshipbetweerPolarslargeelectricfield ob-
senationsand substormonset/intensificationOnly the un-
filtered H (or X) componentdependingon which magne-
tometerchainwasused,is presentedpecausét is thiscom-
ponentwhich respondsstrongesto the substormelectrojet.
This componentis routinely usedas an indicator of sub-
stormonset/intensificationThe X componenpointsto ge-
ographicnorthwhereaghe H componenpointsto geomag-
netic north. The samplingrate of the grounddatawas dif-
ferentfor differentmagnetometechains,rangingbetween
onesamplepersecondandonesampleperminute. Kp and
AF indices(preliminary;no AF index valueswereavailable
for 1996)were also consultedto put theselarge-amplitude
eventsinto a globalgeomagnetiactiity context.

4. Statistical Results

4.1. Location of Events

Plate2 presentdistributionsof electricfield eventsver-
SUSILAT andMLT obtainedfrom the databaseescribedn
section3. Plate2a(Plates2b and2c) shavs the distribution
of eventswhoseperpendiculaelectricfield componen{E z)
asmeasuredby Polarexceed20mV m—! (50mV m—1, 100
mV m~1). A dipolefield wasassumedor the mappingonto
ILAT. Notethatthedatawerenotnormalizedo accounfor a
possibleundersamplin@f certainregionsin thelongitudinal
(MLT) direction. Thiswasnotnecessarpecauséolarsor-
bit precesseencea year, andsincethe studycoversexactly
2 yearseachMLT wasroughlyvisited4 times. Theuniform
datacoveragealongMLT is shovn in Plate2d. Theregion
with ILAT>50° is divided into mary small"squares. The
time spentby Polarin eachsquarewasdivided by the size
of the squareto remove biasescausedoy small differences
in squaresize. The color codethusrepresentshe datacov-
eragein unitsof time/(unitarea)with redrepresentingnore
hoursandbluerepresentingess.Theactualtime spentis not
importanthere,but ratherthe uniformity in the longitudinal
direction.

Almost all electricfield eventswere locatedwithin the

statisticalauroraloval, whichis centeredseveraldegreesan-
tisunwardof 90° with afew eventsoccurringinsidethe sta-
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tistical polar cap. The distribution along the auroral oval

is not uniform. The daysideeventswere lessintensethan
the nightsideevents,which canbe seenby comparingthe
panelswith higher electric field thresholds. Events with

|Ez| >20mV m~! (Plate2a) aresymmetricallydistributed
aroundthe noon-midnighimeridianonthe nightside.Onthe
daysideonecanidentify a small concentratioraround1500
MLT, which coincideswith the so-calledhot spot[Evans
1985; Newell et al., 1996]. Eventslargerthan50 mv m—!

(Plate2b) occurredmostlyonthenightside with afew more
eventsin the morningsectorand covering a wider rangeof

ILAT. Eventslargerthan100 mV m~! (Plate2c) occurred
only in the nightside, similarly distributed as the events
largerthan50 mV m~!. The total numberof suchevents,
however, is statisticallynot significantto concludethat the
morningsidehasa higherprobability for the largestevents.
Therearetwo 2-hourwide regionson the davnside(~0500
MLT) anddusksidg~1900MLT) which shaw significantly
lower eventratesthanthe surroundingregions. An investi-
gationof the datacoverage(Plate2d) shovs minimal varia-
tionsin the longitudinaldirectionwhich cannotaccountfor

thetwo regionsof low-eventrate.

4.2. Altitude Dependence

For the rest of the statisticalanalysiswe only consider
eventsin the region definedby 65°<ILAT<75° and 2100
<MLT<0300 (box outlinedin Plate2a) in orderto char
acterizeperpendiculaelectricfieldson auroralfield linesin
thenightside.We chosehisregionbecaus@& encompasses
relatively uniformdistribution of eventsincludingthelargest
events.Also, thecutoffsat65° and75° ILAT correspondp-
proximatelyto the rangeof PSBL locationsduringtimesof
differentgeomagneti@ctivities (compareAugust29, 1997,
eventin Platel). This databaseontains87,444events(as
definedin section3).

Figure 2 shows a scatterplotof electricfield eventsver-
susgeocentriadistance.Consideringonly the largestevents
(with |Ez| >100 mV m~1), one can concludethat the
magnitudedecreasewith increasingaltitude. However, the
small numberof eventslarger than 100 mV m~! is sta-
tistically not significant. Thereforewe considereccontour
curves, which is describedin the next paragraphto ana-
lyze the magnitude-ersus-distancdistribution. The main
interestin the magnitude-ersus-distancelistribution has
beenin establishinga mappingrelationshipfor perpendic-
ular electric fields at different altitudes. In the literature,
two approachebave beentakento investigatehe mapping
relationship. They are both derived from the assumption
of quasi-staticelectric fields and equipotentialfield lines
(calledstaticmodel hereinafter).The first relationis based
on a dipole magneticfield geometry[Mozer, 1976]. The

electricfield mapsto differentaltitudesaccordingto

1
41, — 3r 2 To %
E=Ey{ ——— — 1
0(4L—3r0) (r) ’ @
where L is the L value of the magneticfield line, and
E andE, arethe mappecklectricfieldsalongthe magnetic
field line at altitudesr andr,, respectiely. Ey, andrq are

referencevalues.Whenleaving thedipoleregion, it is better
to usetherelation

E x VB, 2)

where B is the local magneticfield strength. We have
appliedbothrelationshipgo the Polardata. In addition,we
testedthe databaseinderthe assumptiorthat the obsened
electric fields are the perturbationfields of shearAlfvén
waves. This hasnever beendonewith a large amountof
dataat altitudesof 4-7 Rg. If oneassumeshatthe power
flow, (A/wo)d E x 8 B, carriedby theshearAlfv énwavewith
electric(6 E) andmagnetic(§ B) perturbatiorfieldsalonga
flux tube with crosssection, 4, is consered (seesection
6 for exceptions),one can derive, using also the Alfvén
speed,vy = JE/§B, and conseration of magneticflux
(BA = const alongtheflux tube),

5EOC\/UA—B- 3)

Note that if there are parallel potential drops present,
noneof the threerelationshipshold. However, other stud-
ies[e.g., Reif et al., 1993] have establishedusing particle
enegiesandhencenot relying on mappingalongmagnetic
field lines, that mostfield-alignedpotentialdropsoccurbe-
low 15,000km (3.35 Rg geocentriadistance)which is be-
low thealtituderangeconsideredhn thestudypresentedhere.

In orderto make a morestatisticallysignificanttestof the
threemodels we generatedontourcurvesfrom the scatter
plot (Figure 2). A 1% contourcurve, for example,shavs
the value of the electric field suchthat 1% of the events
within a certainaltituderange(herewe chose0.5 Rg) have
avaluelargerthanthe plottedvalue. Contourcurveselimi-
natetheweaknes®f scatterplotswhichis arelianceononly
thelargestvaluesfor a givenaltitude. Figure 3ashows four
contourcurves(0.5, 1, 5, and20%) eachof which wascal-
culatedfrom the sameoriginal databaseFor eachcurve the
magnitudeof the electricfield decreasewith increasingal-
titude. Also, asexpected,the error barsare smallerfor the
larger percentageontourcurves. The lower (upper)value
of the error barsshaws the electricfield value of the event,
whichis obtainedaftersortingall eventsin acertainaltitude
rangeaccordingto magnitudeandselectingthe eventwhich
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precedegfollows)theplottedeventby ,/n; events(n; is the
total numberof eventsin this altituderange).

In comparison Figure 3b shaws four curves calculated
from the modelequation(1). Eachcurve shonvsthetheoret-
ical variationsof the magnitudeof an electricfield, which
mapsquasi-staticallyalong magneticfield linesin a dipole
field to differentaltitudes.Theelectricfield value(Ey in (1))
usedasreferencdor eachcurve wasthefirst datapointto the
left of thecorrespondingontourcurvein Figure3a. Theer
ror barsin the model curvesresultfrom the uncertaintyin
L value. Sincethe plasmasheetiocationfluctuateswith ge-
omagneticactivity, we canonly estimatethat the L value
lies betweert5® and75° ILAT. A comparisorof thecurves
in Figures3aand3b clearly shawvs thatwithin the rangeof
statisticaluncertaintiesthe dataandmodelareconsistent.

In additionto (1), Plate3 shavs modelcalculationausing
the othertwo equations(2) and(3). We selectedagainthe
first datapoint to the left for eachcurve of Figure3aasthe
referenceelectric fields, and we calculatedthe theoretical
electricfield valuesfor higheraltitudes. Eachcolor repre-
sentsa different mappingschemedefinedby (1), (2), and
(3). Equation(2) requiresthe knowledgeof the local total
magnetidield strength.Usingthe magnetidield datain the
key parametedatabasehe mearnvalueof thetotal magnetic
field valueg(calculatedrom thethree-dimensionahagnetic
field vectorat timesof all recordecelectricfield eventsin a
givenaltitudebin) wascomputedandusedin (2) to calculate
theelectricfield value. Theerrorbarsof thegreencurvesare
the standardleviationsof the electricfield valuescalculated
from the standarddeviation of the magneticfield appliedto
the usualerror propagatiorformula. Equation(3) requires
knowledgeof the local Alfv én speed. For 41 events(half
of which had|Ez| >50 mV m~!; the otherhalf was <50
mV m~1), we calculatedhe Alfv énspeedrom densitydata
(Hydra), assumingl00%H*, and magneticfield data. As
can be seenin Figure 4, the Alfv én speedvaried up to a
factorof 2 at the samealtitude. To calculatethe theoretical
electricfield valuesat differentaltitudes we appliedalinear
functionfor v4, indicatedby the solid line, in (3). For the
blue curves,thevariationsin the Alfv énspeedyp 4, werein-
cludedin theerrorcalculations Althoughthethreemapping
schemeshaow deviations,within the rangeof the statistical
uncertaintiesthey areindistinguishableThis shavsthatthe
consisteng with the staticmodel(asalreadyshavn by other
researchersjloesnot rule out consisteng with the Alfv én
wave modelin a statisticalsense.

4.3. OccurrenceFrequency

We next examinethe questionof how oftenlarge-ampli-
tudeelectricfieldsoccur Again,we only considetheregion
outlinedby the box in Plate2a. Figure5 shaws the proba-

KEILING ETAL.

bility distribution of electricfield eventswithin the defined
region asa function of magnitude.The readeris reminded
thattheamplitudeof aneventis determinedy thelargestof
five electricfield measurementi® a 30-sbin. The electric
fields aregroupedinto binsof 10-mV m~! width. Because
of the large differencesn probability for differentelectric
field magnitudesthe probability distributionis displayedn
two panels.The scaleon the left of eachpanelshows prob-
abilities calculatedoy dividing the numberof eventsin each
electricfield bin by thetotalnumberof events. Theprobabil-
itiesfor |[Ez| <10mV m~—! and10mV m~! < |Ez| <20
mV m~—! are0.936and 0.047, respectiely. They are not
shown in Figure5 which startsat |[Ez| >20mV m~1. The
generatrendis thatthe probabilitydecreasesonotonically
with increasingelectricfield magnitude. Usedasa proba-
bility model,the probabilitiesin Figure5 (left scale)allow
thedrawing of statisticalconclusionsit might, for example,
be usefulto know how probableit is that Polarencounters
at leastoneelectricfield structurewith a certainamplitude
duringoneentireplasmasheetcrossing.Theseprobabilities
werecalculatedusingthe probabilitymodel)andareshovn
ontheright of eachpanelin Figure5. Notethatthis scaleis
not linear. For example,the probability that Polarencoun-
teredat leastoneeventwith perpendiculaelectricfield am-
plitudebetweentOand50mV m—! duringoneentireplasma
sheetrossingvas~14%+4%. Thecalculatedincertainties
in the probabilities(right scale)resultfrom thefactthat Po-
lar's crossingtime of the entireplasmasheetvariedbetween
30 and60 min for differentcrossinggdeterminedrom vi-
sualinspectionof ~40 crossings).

In section5, it is shown that eventswith |Ez| >100
mV m~! are substorm-related. Thereforeit is also in-
terestingto know how often thesevery large fields occut
Plate2c shavsthat24 eventswererecordedver aperiodof
2 years.An alternatie way of quantifyingtheir occurrence
frequeng is by usingthe probabilitymodelof Figure5. One
canshawv that the probability of observingan electricfield
largerthan100mV m~?! within theoutlinedregion (Plate2a)
is ~2% perplasmasheeftcrossing.Similarly, onecanshav
thatthe probability of observingan electricfield largerthan
50 mV m~! is ~15% per plasmasheetcrossing. Instead
of usingthe probability model, a simple calculationusing
the numberof Polarorbits crossingthe definedregion dur-
ing 2 years(~475 orbits) and the numberof electricfield
events(>100mV m~1) yieldsaprobability of 4%, whichis
comparabldo 2%. Theseprobabilitieswill be comparedo
the probability of substormoccurrenceduring Polarplasma
sheetcrossingsn section6.
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5. Substorm-RelatedElectric Fields

A computersearchof the entire databaseyielded 27
eventsthatshavedperpendiculaelectricfieldsof morethan
100mV m~!. All of theseeventswerelocatedin the night-
sideplasmasheebetweer?2100and0500MLT (Plate2c). A
visualinspectionof field andparticle datashovedthatthey
occurredduring 24 plasmasheetcrossings. During three
plasmasheetcrossingstwo (insteadof one) large electric
field pulses(>100 mV m~1!) separatecy 1-3 min were
recorded. In the remainderof this paperwe refer to these
pairsassingleevents thusyielding atotal of 24 events.

A region of electricfield fluctuations(>5 mV m~1!) sur
roundingthe mostintensestructuresvas usually obsened,
thatlastedfor ~5-30minin thespacecrafframe.Theregion
of mostintensefluctuationg(>50mV m~1) lastedfor ~1-5
min. Individual electricfield pulsesoccurredon timescales
of 10-60s. Most of the 24 eventsrevealedelectric fields
largerthan300mV m~! in the high-resolutiorelectricfield
data. The geomagneti@ctiity duringtheseeventsranged
from quietto highly active, with the K p index andthe AE
index (preliminary;nodataavailablefor 1996)takingonval-
uesbetweerD+and5+ andbetween~40and~1100nT, re-
spectvely. Althoughthe AE index was <100 nT for two
events (it was >150 nT for the remainingevents), an in-
spectionof magnetogram&om individual groundstations
nearPolars magneticallyconjugatefootpoint during these
two eventsindicatedgeomagnetiactivity aswell. Thiswill
be shawvn in moredetailin section5.4. Hencewe cancon-
cludethatgeomagnetidisturbancesuchassubstormsvere
presenduringall 24 events.

5.1. PlasmaRegimes

In ~85% of the eventsthe large electricfield structure
wasfound at or nearthe poleward boundaryof the plasma
sheet(i.e.,the PSBL). The othereventsoccurreddeepelin-
sidethe plasmasheet.For someevents,Polarmay have en-
counteredhe lobe-PSBLinterfacemore than once,which
led to uncertaintiesas to whetherthe event occurredin-
sidethe PSBL or CPS.The differentplasmaregimeswere
identified by examining the particle datafrom the Hydra
instrument. The lobe-PSBLinterfacecan be identified by
a flux increase(in the direction of decreasinglLAT) of
ions and electronsaccompaniedy a density increaseof
ions and electrons. The width of the region over which
the fluxes increasedvaried considerablyin the spacecraft
frame. For someplasmasheetcrossings,one of which is
presentedn section5.5 (Plates4a-4e) the flux increaseoc-
curred abruptly lessthan 2 min in the spacecraftframe.
In thesecasesthe large-amplitudeelectric fields were lo-
catedimmediatelyadjacentto the lobe-PSBLinterfaceon
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the higherdensityside. For other plasmasheetcrossings,
particlefluxesgraduallyincreaseavith decreasingLAT (up

to 30 min in thespacecrafframe).In thosecaseghelargest
electricfield fluctuationsverelocatedfurtherinto the PSBL.

Similar particleflux signaturesave beenreportedfor low-

altitudesatellitege.g.,Lyons 1991].

Another often useddistinction betweenPSBL and CPS
is whetherthe particleflux is structuredor unstructuredre-
spectvely. Onthebasisof this criterion, we identifiedsome
eventsasoccurringinside the CPS.Four eventsalso coin-
cidedwith a very localizedreduction(dropout)of the elec-
tron flux (anexampleis presentedn section5.5, Plates4f-
4j). In afew caseswe interpreteda particleflux dropoutas
a crossingof the lobe-PSBLboundaryinto the lobe region,
followed by a reenteringof the PSBL dueto an expanding
plasmasheet. Plate 1 shovs an examplewherewe believe
thatthis scenarias correct. The dropoutlastedionger, and
the electronenegy reachedvaluesthat are typical for tail
lobe electrons. Alternatively, a large dropoutcould be due
to a spatiallystructuredplasmasheetratherthana temporal
variationcausedy the motionof the PSBL.On the basisof
24 events,the outerboundarylocationrangedfrom 65° to
78° ILAT, which supportgheideathat multiple encounters
of thelobe-PSBLinterfaceduringonepassareprobable.

5.2. Polarization

The large-databasstatisticalstudy presentedn section
4 wasbasedonly on the £z component. This component
is approximatelyperpendiculato the nominalplasmasheet
boundaryat the altitude rangeinvestigatechere. The east-
westcomponentvasnotincluded.A knowledgeof theeast-
westcomponenthowever, is importantfor investigatingthe
origin of the very large electricfields. Hencewe used(for
this analysisonly) electric field datain a magnetic-field-
alignedcoordinatesystem,in orderto determinethe dom-
inantdirectionof the perpendiculacomponenbf the large
electricfield structures.The two componentare Ey_FAC
(east-westand Ez_FAC (approximatelythe sameas Ez).
The resultsof this analysisare shovn in Figure 6, which
shaws theratiosof Ey_FAC over Ez_FAC, binnedby their
percentagesalues. The value, usedfor Ey_FAC, wasthe
largestvalueobsenedwithin 2 min surroundingthe largest
valuein Ex_FAC. For the majority of events(18 events)the
amplitudeof the east-westomponentvaslessthan40% of
thatof the north-southcomponent.

5.3. AssociationWith Field-Aligned Curr ents

Thelargeelectricfieldsoccurredn regionsof large-scale
field-alignedcurrents(~1° ILAT) inferred from magnetic
field measurements.Preliminary resultsshown that seven
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events were associatedvith upward currents,four in the
eveningsectorandthreein the morning sectorof magnetic
local time. Eventsassociateavith downward currentswere
only found in the morning sector(four events). Note that
theseresultsincludeonly eventsfor which anidentification
of the currentwas straightforvard. The currentsignatures
for the remaining events were more complicated,and an
associatiorwith a particulardirection of currentflow was
ambiguous A forthcomingstudywill shav theseresultsin
greaterdetail.

5.4. Conjugate Study With Ground Stations

For a subsetof 14 events, ground magnetometedata
were examinedin order to determinethe temporal rela-
tionship of theseeventsto differentsubstormphases.The
groundstationswere selectedon the basisof beingin the
generalproximity of Polars magneticallyconjugatefoot-
point. For someevents,which occurredat 0200-0300MLT,
andfor which no conjugategroundstations(or data)were
available, we insteadconsultedground stationsthat were
closeto local midnight. The substormon August29, 1997
(seenext paragraph)shovsthatsubstornmgroundsignatures
canextendover mary hourslocaltime; thusthelatterselec-
tion criterionseemdo beareasonablalternatve.

In general,the substormonsettime coincideswith the
beginning of a sharpnegative turning of the H (or X) com-
ponentdetectedat individual groundstations. This is the
begin of the expansionphase.This phases followedby the
recovery phaseidentified as a gradualretreatof the H (or
X)) componento its original values.Often, however, there-
covery phasds superimposetly additionalintensifications.
Thegrounddatafor the 14 eventspresentedherefit roughly
into this scheme.

We first presenttwo Polar eventswhich took place on
August29, 1997,andApril 21,1997,togetherwith ground
data. Additional Polardatafor the August29, 1997, event
were alreadypresentedn Platel. Toivanenet al. [2000]
have alsoinvestigatedhis eventwith regardto substornon-
setsignaturesn the plasmasheet. Polars magneticfoot-
pointtraversedhe CANOPUSarray whichis shovn for the
periodfrom 1000to 1100UT on August29, 1997,in Fig-
ure 7, togetherwith the geographidocation of the ground
stations. Figure 8 shavs the X componenbf the CANO-
PUS stationsfor which datawere available. A strongsub-
stormbaysignaturecanclearlybeseenin all groundstations
(with the exceptionof Contwoyto Lake (CONT)), starting
at ~1035UT. This agreeswith the onsettime determined
from the AFE index. The magnetogranoef Dawson(DAWS)
shaws the strongestnegative turning of the X component
(-1000nT), indicatingthatthe substornelectrojetwasclos-
estto Dawson. Dawsonwasalsothe closeststationto local
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midnight, where most substormsshawv the strongestmag-
neticbay signature.As arguedin section3, Polarwasmost
likelyin thelobeatonsetime. After arapidexpansiorof the
plasmasheetPolarreenteredhe plasmasheetat ~1037UT,

afterwhich it encounteredtrongelectricfield fluctuations.
The focusof this sectionis to establisha temporalrelation-
shipof Polarslargeelectricfield obsenationsandsubstorm
phases Figure 9ashavs anexpandedview of Polars elec-
tric field (Ez componentfrom 1000to 1200UT on August
29, 1997,togetherwith the magneticfield obsenations(X

componentjrom Fort McMurray, whichwe identifiedasthe
closesstationto Polars magnetidootpoint. As canbeseen,
thelargeelectricfield fluctuations)astingfor ~5 minin the
spacecrafframe,coincidedwith the expansionphase.

Figure9b shavsthetemporalcorrelatiorbetweerground
obsenationsand in situ data for anotherevent that took
placeon April 21, 1997, while Polars magneticfootpoint
traversedthe 210 MagneticMeridian chainon an inbound
pass. This substormshoved a 500-nT deflectionof the H
componentat Tixie. Again, Polarencountered/ery large
perpendiculaelectricfields at timesof strongestd bayde-
flection. Accordingto Tixie, the onsetoccurredat ~1235
UT, seenin the sharpnegative deflectionof H. An earlier
deflectionof H, at ~1233UT, wasobsened at Kotel'nyy
(notshawn). This onsettime agreeswith the onsettime de-
terminedfrom the AF index.

The good temporalcorrelationbetweenPolar obsena-
tionsof large perpendiculaelectricfieldsandrapidchanges
in ground magneticfields as determinedfrom ground sta-
tionsis furthersupportedn Figure10, shaving thetemporal
relationshipof large perpendiculaelectricfields measured
by Polar and ground magnetometedatafor 12 additional
substorms. The unfiltered H (or X) component,depend-
ing on the magnetometechain, is presented.The ground
stationsusedandtheir locationsaregivenin Table1. The
verticallinesindicatethe occurrenceaimesof thelargeelec-
tric fields recordedby Polar The positionsof the satellite
atthosetimesareshown in Table2. In all casegheelectric
fieldsoccurredduringtimesof rapidchangesn H (or X), in
closetemporalproximity to geomagnetidisturbancesuch
assubstormonsets/intensificationdn two eventsthe large
electricfield structurewascoincidentwith arapidrecovery
of the H component. Twelve events(including the events
in Figure9) wereassociateavith anexpansion(or intensifi-
cation) phase.An accuratesvaluationof whetherthe event
occurredduring the downward or upward swing of the H
componentvascomplicatedor someeventsbecausef dif-
ferencesin the grounddatafrom differentgroundstations
thatwerecloseto eachother

In the beginning of section5 it waspointedout thattwo
eventsoccurredduring very small valuesof Kp and AE.
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One of theseevents(February25, 1998)is shavn in Fig-
ure 10 (last panel). Despitethe small actvity indices,the
event coincidedwith a negative turning of the H signalat
Kotel'nyy station,indicatinga disturbedmagnetosphere.

5.5. ElectromagneticSignatures

In sectiord it wasstatisticallyshovn usingmappingrela-
tionshipsthat high-altitudeperpendiculaelectricfields ob-
sened in the nightsideplasmasheetwere consistentwith
both the Alfv én wave model and the static model. Alter-
natively, the natureof perpendicularlectricfields can be
investigatedon the basisof individual events. The E-to-
B ratio and phaseshifts betweenE and B are two signa-
turesthat are mostsuitedfor suchan analysis[e.g., Lysak
1998]. In this sectionwe presentresultsregardingthe ori-
gin of the substorm-relateélectricfields using E-to-B ra-
tiosandphaserelationshipof the electricandmagnetiger
turbationfields. We incorporateresultsfrom previous case
studieswhich have investigatedn greaterdetail subsetof
thelarge electricfield events(>100mV m~1!) foundin this
study

Plate4 shavs two PSBL crossingsby Polarduring one
inbound (April 21, 1997) and one outbound(October29,
1996)pass. The datafor both daysare shavn in the same
format. Plates4a and 4f shav the Ez componentof the
electricfield which pointsnorthwardandapproximatelyper
pendicularto the nominalplasmasheetboundary(approxi-
matelyalongGSEz). Plates4b and4g shav the west-east
perturbationfrom the ambientmagneticfield (note thatin
Platel the east-westirectionis shavn). This component
lies approximatelyin the planeof the nominalplasmasheet.
PlatesAc and4h shav the Poynting flux calculatedrom the
threecomponentof the perturbationelectricfield andthe
threecomponent®f the perturbatiormagneticfield. These
perturbatiorfieldswerecalculatedby detrendingeachcom-
ponentof thefields. Thedetrendingvasdoneby subtracting
a 3-min runningaveragefrom the original data. The calcu-
lated Poynting flux vectorwasthen projectedonto the av-
eragemagneticfield direction. The averagemagneticfield
directionwas calculatedfrom the measurednagneticfield
vectoraveragedover 3 min. Plates4d, 4e, 4i, and4j showv
theenepgy spectraof ionsandelectrons.

The April 21, 1997, lobe-PSBL crossingis character
ized by the sharpflux increaseof ions and electronsat
1236 UT seenin Plates4d and4e. Immediatelyfollowing
theentry, Polarencounterethrgeelectricandmagnetidield
perturbations. The magneticfield perturbationwas super
imposedon field-alignedcurrents. The perturbationfields
near the lobe-PSBL interface were very similar in wave-
form with peakamplitudesof -130 mV m~! and-14 nT.
Thefield-alignedPoynting flux associateavith thesefluctu-
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ations(Plate4c) wasdirecteddownwardtowardthe nearest
ionospherelt waslargestnearthe lobe-PSBLinterface(~1
ergscm~2s71). Theratio of the peakelectricandmagnetic
field of the perturbationsignalsis ~9300km s~!. Thisis
comparableo the local Alfv én speedof ~11,000km s~}
determinedrom in situ plasmaparametersThe correlated
electricandmagneticfield perturbationsrethusconsistent
with the propagationof Alfv én waves alongthe magnetic
field. Resultsof a studyby A. Keiling et al. (unpublished
manuscript2000),investigatinghe spectrakcompositionof
the electricand magneticwave fields of a subsetof events
(includingtheApril 21,1997event),indicatethe presencef
smalleramplitudeAlfv Enwaveswith alocal standingwave
structurein both the tail lobe andthe PSBL in the Pi2 fre-
gueng range. The standingwave structurecan be caused
by downward traveling Alfv én wavesthat reflect off at al-
titudesbelow the satellite. Poynting flux calculationsallow
determiningthe directionof netenengy flow. The eventon
April 21,1997, clearly shows (Plate4c) that the earthvard
componentominatesverthereflectedone. An exampleof
standingAlfv énwavesin the tail lobe canbe seenat 1233
UT on April 21,1997(PlatesAaand4b).

The eventon October29, 1996 (Plates4f-4j), occurred
furtherinto the PSBLwhile Polarwason anoutboundpass.
Polar enteredthe PSBL before 0030 UT and enteredthe
tail lobe at ~0100 UT (not shawvn). The largestelectric
field pulse(~190mV m~1) occurredat ~0037UT. Shortly
thereafter a smallerelectricfield pulse(~70 mV m~—1) at
~0038:30UT was encountered.Both pulseswere associ-
atedwith currentsheetf oppositedirection. The electron
particleflux wasreducedbetweenthe two pulses;possibly
alsotheion flux which canonly be seenvaguelyowing to
the limited enegy rangeof the instrument. Immediately
precedingthe largestelectricfield pulseis a region of en-
hancedelectronflux. In contrastto the eventon April 21,
1997, the electric and magneticfield signalsfor the event
on October29,1996,do not shav similar waveformson the
scaleof 10-60s. A calculationof the Poynting flux, for the
sameperiod rangeas usedfor April 21, 1997, alsoyields
large field-alignedPoynting flux (>0.5 ergs cm—2s71) di-
recteddownward (Plate4h). The magneticperturbationof
the field-alignedcurrentslargely contributesto this Poynt-
ing flux. We emphasizehat Poynting flux calculationsare
stronglydependenbn the modelsubtractiorandon the pe-
riod rangechosenfor filtering. A separatiorof a possible
Alfv énic contribution requiresadditionalfiltering [see,e.qg.,
Lotko and Streltsos, 1997]. The identificationof the origin
of the electricfields for this eventis not asunambiguouss
in the caseof April 21,1997,andwill befurtheraddressed
in aforthcomingstudy

Aninspectiorof the E-to-B ratio of sevenothersubstorm-
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relatedfields, which shoved correlatedelectric and mag-
neticfield signalg(includingtheeventsin thework of Wygant
etal. [2000] andKeiling etal. [2000]), yieldsthatthe ratios
areconsistentvith wave phasevelocitiesbetweer8600and
18,000km s~!, which is similar to the local Alfv énspeed
of 12,000-21,00&m s~! determinedrom plasmameasure-
ments.Thisis evidenceon thebasisof individual casesthat
atleastonetypeof substorm-relatedlectricfieldswasasso-
ciatedwith Alfv énwaves.Othereventsshawv lesscorrelated
signals(e.g., October29, 1996). Someof theseeventsre-
semblethe DE 1 electricfield eventinvestigatedby Lotko
andStreltsa [1997] (seesection6.3 for further details). In
the next sectionwe will commenton the Poynting flux cal-
culationof all 24 events.

5.6. Poynting Flux

In thework of Keiling etal. [2000], Poynting flux calcu-
lationswerepresentedor asubsebfthe24 events.Theirse-
lection criterionwasthat the eventsshoved well-correlated
electric and magneticfield signals,and thus an identifica-
tion of the Alfv énic naturewasunambiguousTheseevents
shavedlargefield-alignedPoynting flux, four of whichwith
aclearlydominatingearthvard componentvith magnitudes
upto 2 egscm~2s~!. Oneevent(August29,1997)shaved
both large downward and upward Poynting flux. Keiling et
al. [2000] filtered the dataon an individual basis,allowing
only the Alfv énic componentto contrikute to the parallel
Poynting flux. In the studypresentedherewe calculatedhe
Poyntingflux for all 24 events(in thesameway aswasdone
for the previous two events)to estimatethe amplitudeand
direction of the local electromagneti@negy flux regard-
lessof their origin. Thuselectromagnetienegy carriedby
Alfv énwavesandfield-alignedcurrentscould contribute to
the Poynting flux values.

For 21 eventsthe largestparallel Poynting flux compo-
nentthroughoutthe entireelectricfield structureassociated
with eachevent, which could last up to 5 min, was down-
ward toward the northernionosphere. Eventsreportedby
Wygantet al. [2000] andKeiling et al. [2000] areincluded
in this statistics. The peakvaluesrangedbetween0.3 and
2.5emgscm~2s71. Whenmappedto ionosphericaltitudes
(~100km) alongcornvergingmagnetidield lines,the Poynt-
ing flux would reachmagnitudesup to 300 elgscm—2s7 1,
This is large enoughto power very intenseauroras.In sec-
tion 5.4 we shovedthatthe 24 eventswereassociatedvith
geomagnetidisturbancesuchassubstormsThereforethe
Poynting flux calculationsshav that large electromagnetic
enegy flow in the plasmasheetmostlyin the PSBL, is as-
sociatedvith stronggeomagnetidisturbances.
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6. Discussion

We describedesultsof a statisticalsurvey of perpendic-
ular electric fields recordedduring 2 yearsof Polar oper
ation, consistingof ~940 orbits and ~1880 auroral zone
crossingsat high altitudein the NorthernHemisphereThe
resultsdemonstratehat very large amplitudeelectricfields
perpendiculaito the ambientmagneticfield occur at geo-
centricdistancef 4-7 Rg. Wygantet al. [2000] already
reportedtwo of the very large electric field events(>100
mV m~1) which camefrom thesamedatabasasusedin the
studypresentedhere.ISEE 1 and2 arethe only othersatel-
lites that have traversedthe altitude rangethat was studied
in this paper(4-7 Rg geocentriadistancen the nightside).
Thereare, however, significantdifferenceso Polar’s orbit
andinstrumentatiorthat make this studyrelevant. ISEE 1
and2 were placedin an equatorialorbit. The electricfield
instrumenbnly containedorobesn theequatoriaplaneand
could not measureghe componenbf the electricfield per
pendicularto the ecliptic and approximatelynormalto the
plasmasheet.In the Polardatasetthis componenwasthe
largestcomponentln anattempto characteriz@erpendicu-
lar electricfieldsin themagnetotaihtfurtherdistance¢>23
RE), Geotailstudieshave alsobeenlimited by thefactthat
theonboarcelectricfield instrumenbnly measureghecom-
ponentsin the spin plane, which approximatelycoincides
with the equatoriablane.

6.1. Location of Events

For an understandingf the magnetospherasa whole,
it is importantto establisHinks betweerdifferentregionsin
the magnetosphereln this studyit wasfound that almost
all large perpendiculaelectricfields betweend and7 Rg
(geocentriadistance)ccurredon field linesthatweremag-
netically conjugateto the auroralacceleratiorregion. This
providesevidencethattheelectricfieldsaredirectly or indi-
rectly relatedto auroraldynamics.Thisresultallowsadirect
comparisorto previous studieswhich presentedjlobal dis-
tributionsof perpendiculaelectricfieldsfor lower altitudes.
Karlssonand Marklund [1996], using Frejadata,obsened
the majority of large perpendicularlectric field eventsin
the midnight and early morning sectorsof the auroraloval
in the altituderangefrom 1400to 1770km. Bennettet al.
[1983] and Redsuret al. [1985], using S3-3 data, shaved
thatthelargestperpendiculaelectricfield eventsup to 8000
km altitude tendedto occurbetween1600and 2200 MLT.
The Polarresultsreportedhereshav a concentratiorof the
largerelectricfields (>50 mV m~1) aroundmidnightwith a
few moreeventsin the morningsector This differsfrom the
S3-3study but is similar to the Frejastudy However, we
point outthatthe differencebetweereveningsideandmorn-
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ingsidein the Polardatasetis not statisticallysignificantto
confirma statisticaltrend.

An additionalfeaturein the Polardistribution is a small
concentratiorof electricfields (<50 mV m~1) around1500
MLT, which coincideswith the hot spot. The hot spotis a
region of increasealectronenegy flux [Evans 1985]or in-
creasegbrobabilityof observingelectronacceleratiorevents
[Newell et al., 1996] inferred from low-altitude satellites.
This correspondencéurther shows the link betweenelec-
tric fields at high-altitudeandlow-altitudeacceleratiorpro-
cesses.

A peculiarresult,for which we have no definiteexplana-
tion, is the low eventrateat davn (~0500MLT) anddusk
(~1900MLT). One possibility could be that theseregions
shav the dividing lines betweendaysideand nightsideau-
rora,which aretwo differentphenomenaThe nightsideau-
rorais believed to be magneticallyconnectedo the PSBL
whereaghe daysideaurorais connectedo the cusp.Hence
it seemsnaturally that thereis not a smoothtransitionbe-
tweenthe two regions. If so, it is peculiar however, that
this featuredoesnot appeato somedegreein lower-altitude
distributions.

6.2. Altitude Dependence

It hasbeenanongoingissuein auroralphysicsto discover
the origin of large perpendiculaelectricfields obsenedon
auroralfield lines. Two views exist which are physically
very different. In one model, the electric fields are inter-
pretedaselectrostaticstructurescalledelectrostaticshocks
by someresearchers.The obsenred electric and magnetic
field fluctuationsare causedby the motion of the space-
craft througha systemof staticfield-alignedcurrentstruc-
turesimbeddedn theionospherg Smiddyetal., 1980]. The
fluctuationsare henceentirely causedy the Dopplershift.
In the othermodel,the obsened electricfields arethe per
turbationfield of Alfv énwaves,which areelectromagnetic
structures.To helpdecidethis issue,oneapproacthasbeen
to use statisticalmethodsto determinethe relationshipof
electric field magnitudesat different geocentricdistances.
The assumptionof a static modelin the form of (2) has
beenappliedto distancedar out into the distantmagneto-
tail. Mozer[1981], Levin et al. [1983], and Streed et al.
[2000] concludedhatthe perpendiculaelectricfield magni-
tudesarenotinconsistentvith equation(2) outto 7, 23,and
100 RE, respectiely. Thereis, however, growing evidence
in the form of casestudiesthat, at least,someauroralelec-
tric fieldsareAlfv énic[e.g.,Dubininetal., 1990;Lotko and
Streltsos, 1997; Wygantet al., 2000; Keiling et al., 2000].
Polardataare suitableto investigatethe natureof the elec-
tric fieldsbothin a statisticalanalysis throughinvestigation
of possiblemappingrelationshipsandin casestudies.The
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additionaluseof a statisticalstudyis to make anassessment
of mary eventsinsteadof only afew selectedavents,which
may represent small classof events. Ideally, one would
liketo simultaneouslyneasurelectricfieldsalongonefield
line andcomparevaluesat differentaltitudes.Until a multi-
satellitemissionis in place werely on statisticalanalyseso
investigatehe mappingrelationship.

In thefirst partof the studypresentederewe compared
Polardatato the staticmodelin theform of (1) and(2), and
within the rangeof statisticaluncertaintieswe confirmed
the static model. However, we also shoved that the data
are consistentwith the modelin which the obsened elec-
tric fields arethe perturbatiorfields of shearAlfv énwaves,
which could be excited on auroralfield lines in the distant
tail. While propagatingoward the ionospherethe corver-
gentmagnetidield focuseghe Alfv éEnwave, andthe pertur
bation electric field magnitudeincreases.In this casethe
electric fields do not map quasi-staticallyalong magnetic
field lines, and the mapping characteristicof the electric
fields was shavn to be proportionalto v/v4 B, wherewvy4
is the parallel phasevelocity of an Alfvénwave and B is
the ambientmagneticfield strength. The assumptiormade
is that the power flow, (A/uo)dE x 8B, is constantalong
theflux tube. At low altitude,i.e., in the inertial regime of
Alfv énwaves,thiswill beviolatedowing to dissipationpro-
cessege.g.,particleaccelerationpnd wave dispersion(ki-
netic Alfv énwaves, finite k) [Lotko and Streltsov, 1997].
Theimportanceof our resultis thatit removesoneobjection
againstheAlfv énwave model,andthatit statisticallyshavs
that Alfv én waves could be a very commonoccurrenceon
auroralfield lines, forming the majority of large-amplitude
perpendiculaelectricfields (>20mV m~1). Earlierstatisti-
cal studiescoveringthe sameregiondid notattemptto shav
whethertheir datawerealsoconsistentith Alfv énwaves.

Polardatacan be consistentwith both the static model
and the shear Alfv én wave model, becausethe average
Alfv én speedbetweend and 7 Rg variesby only a factor
of 2 to 3. This variation is not large enoughto separate
the modelsgiven the statisticaluncertainties. This is also
truefor distancedurtherthan7 Rg. Hence|if (3) wereap-
pliedto ISEE 1 dataJe.g.,Mozer, 1981;Levin etal., 1983],
the resultswould be inconclusve aswell. The theoretical
Alfv én speedprofile from the ionospheredo the equatorial
planealonga magneticfield line [e.g., Streltsos and Lotko,
1997, Figure 1] shaws thatthe largestchangein v4 (afac-
tor of 40-50)occursaroundl and3 Rg geocentridistance.
Thisregion, however, overlapswith theauroralacceleration
region in which field-alignedpotentialdropsoccur Hence,
onewould not expectthe simplerelation(3) to hold in this
region.

Furthermorenotethatboththestaticmodelandtheshear
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Alfv énwave modelappliedin this studycontaintheimplicit
assumptiorthat electric fields on the samemagneticfield
line arerelated.Thereforethe consisteng of Polardatawith
bothmodelstogethemwith thedistributionin ILAT andMLT
of electricfield events(Plate?), is strongevidencethatper
pendicularlectricfieldsonauroralfield linesatvariousalti-
tudesareindeedrelatedto oneanotherPolars high-altitude
obsenationsarethusrelatedto the large-amplitudeperpen-
dicular electricfields, routinely obsenedin the auroralac-
celerationregion, which are believed to be responsibleor
discreteauroralarcs[e.g., Torbert and Mozer, 1978;Kletz-
ing etal., 1983;Lyons 1991].

6.3. Substorm-RelatedElectric Fields

In a further attemptto characterizeauroralperpendicu-
lar electricfields, we investigatedhe largestelectricfields
(|Ez| >100mV m~1) found during the 2-yeartime period
of the statisticalstudy with regardto polarization,plasma
regime, associatiorwith field-alignedcurrents electromag-
netic signature Poynting flux, andgeomagnetiactiity. In
24 crossingout of ~940o0rbits, 24 electricfields of perpen-
dicular magnitudegreaterthan100mV m—! (6 s averaged)
werefound.

The electricfield structuresof the eventswere polarized
dominantly north-southwhen mappeddown to the iono-
sphere. Obsenationsof large perpendicularlectricfields
at low altitudes,madewith the Frejasatellite,alsoshaved
dominantlynorth-souttpolarizationMarklundetal., 1995],
giving furtherevidence(in additionto locationandaltitude
dependencehatthelarge eventspresentedherearerelated
to low-altitude events. Bearingin mind the difficulties of
identifying the plasmaregime associatedvith someof the
large electricfields, we concludedthat ~85% of the events
occurredat or nearthe poleward edgeof the PSBL. There-
maining eventsoccurreddeeperinside the CPS.An ISEE
1 study covering the rangefrom 7 to 23 Rg found similar
resultswith the exceptionthat the authorsassociateall of
their eventswith the PSBL [Cattell etal., 1982].

Our studyshaws thatvery large, dominantlynorth-south
polarizedfields in the magnetotailwere directly correlated
with therapidchangesn the H (or X)) componenbf ground
magnetometetecordsindicatingthe occurrencef geomag-
netic disturbancesuchassubstorms Although otherstud-
ies [Nishidaet al., 1983; Aggsonet al., 1983; Cattell and
Mozer, 1984;Pedesenetal., 1985;Smitsetal., 1986;May-
nard et al., 1996] have identified large perpendiculaelec-
tric fieldsduringtimesof substormstheseobsenationsdif-
fer from our obsenationsin locationandpolarizationof the
electricfields. It wasreportedthat they occurredcloseto
the equatorialplane within 20 Rg and were polarizedin
the dawvn-duskdirection. Thesefields wereattributedto ei-
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therenhanceaonvectionor dipolarization noneof whichis
a likely generatiormechanisnfor the fields reportedhere.
For onesubstormeventobsenedby ISEE 1 and2, Kelly et
al. [1984]reasonedhatplasmaflow in the azimuthal(west-
east)direction,embeddedn a currentsheet,could account
for the obsened large, north-southpolarizedelectricfields.
For a large fraction of events(<50%) presentechere,the
E-to-B ratio of the two perturbationfields was consistent
with Alfv énwaves. Someof the eventsdid notshav agood
correlationbetweerthe electricandmagneticfields, at least
for the 10-60 period fluctuationsconsiderechere. In these
caseshe intenseelectric fields often occurredat the edge
of a field-alignedcurrentsheet,which resemblesnore an
electrostaticstructure. Someof theseeventsresemblethe
DE 1 electricfield eventinvestigatedy Lotko and Streltsos
[1997]. The authorsarguedthatin a specifiedfrequeny
range,the event exhibits the waveform and phasestructure
of adispersvefield line resonance.

Poynting flux calculationshave demonstratedhat the
majority of events(21 events)were associatedvith strong
Poynting fluxesupto 2.5ergscm~—2s~1, directeddownward
along the backgroundmagneticfield into the ionosphere.
If this Poynting flux reachedhe ionosphereits magnitude
would exceed300ergscm~2s~! owing to corverging mag-
neticfield lines. This would be sufficientto power the most
intenseauroras.

6.4. OccurrenceFrequency

Having shaovn thatthelargestperpendiculaelectricfields
(>100mV m™1) investigatedn this studyoccurredduring
the expansion/intensificatiophaseijt is importantto inves-
tigatewhetherevery substornis accompaniethy largeelec-
tric fieldslike the onesshawn in this study Thisissuecan
beaddresseth a probabilisticmanner Sincesubstormsc-
cur ~4 or 5 timesa day, thosefields shouldoccura signif-
icant fraction of time. During a period of 2 years,only a
total of 24 eventswere obsened. Although this is a small
number it mustbe realizedthat Polar spendsmost of its
time outsidethe plasmasheet. Alternatively, it wasshavn
thatthe substorm-relatedlectricfields(>100mV m—1) oc-
curredwith a probability of 2-4% per plasmasheetcross-
ing in the nightside. Consideringthat a Polarplasmasheet
crossingtakes ~30-60 min and large electric fields occur
closerto thepolewardedgeof the plasmasheet2-4%repre-
sentsasignificantfractionof time. If weallow for substorm-
relatedelectricfieldslessthan100mV m~1 (for which we
also have evidence),the probability of encounteringhese
fields will increase. For example, we shoved that events
with electric fields larger than 50 mV m~—! occurredwith
a 15% probability. On the other hand,the probability that
an expansionphaseoccurswhile Polaris in the plasma
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sheetvariesbetween8 and 20%. This roughcalculationis
basedon the Polarplasmasheetcrossingtime of 30-60min

andthe assumptiorthat 4-5 substormsoccur per day, with

the expansion/intensificatiophasebeing treatedas a sin-
gle event. Hencethe occurrencdrequeng of electricfields
largerthan50mV m~1! is comparabléo the substormoccur

rencefrequeng, which suggestshat north-southpolarized,
large electric fields might be generallycorrelatedwith the
substormexpansion/intensificatiophase.Naturally, this is
only a roughcomparison.The argumentatiorgiven hereis
only suggestie andrequiresfurtherinvestigation.

In a study by Karlsson and Marklund [1996], it was
shawvn that large perpendicularelectric fields at low alti-
tudedo not dependon the level of geomagneti@ctiity in-
ferredfrom the Kp index. This is, however, not necessar
ily inconsistentvith theabose comparisonbecausesmaller
scalegeomagnetidlisturbancesuchas,for example,pseu-
dobreakupgKoskinenet al., 1993] canalsomanifestthem-
selesin grounddatabut are not necessarilydetectedwith
the coarseKp index. In fact, we found that in spite of
verysmall K p valuesduringtheoccurrencef someintense
electricfields, geomagnetiaisturbancesvere nevertheless
recordedat individual groundstations.

7. Conclusions

The surnwey of 2 yearsof Polarhigh-altitudeperpendicu-
lar electricfield dataresultedin the following conclusions
(only the Ez componentvasinvestigatedor this partof the
study):

1. Largeelectricfieldsperpendiculato boththemagnetic
field andthe planeof the nominalplasmasheetat 4-7 Rg
canexceed100mV m~—1,

2. Almost all electricfield events(>20 mV m—1) were
foundwithin thestatisticalocationof theauroraloval with a
few eventsoccurringinsidethe statisticallocationof the po-
lar cap. Thedistribution alongthe auroraloval wasnot uni-
form. Thelargestelectricfieldsoccurredmnoreoftenaround
local midnight. The daysideeventswerelessintensethan
thenightsideevents.Onthedaysideasmallconcentratiorof
electricfields existedat ~1500MLT, which coincideswith
the so-calledhot spot. Thereweretwo 2-hourwide regions
onthedawvnside(~0500MLT) anddusksidg~1900MLT)
which shaved significantly lower event ratesthan the sur
roundingregions.

3. The magnitude-ersus-altitudedistribution is consis-
tentwith botha staticmodelanda sheaAlfv éEnwave model.
We regardthis asnew supportfor the Alfv énwave model,
whichmeanghatAlfv énwaves(beingacommonfeatureon
auroralfield lines) could, in principle, accountfor the ma-
jority of electricfield obsenationsfor small andlarge am-
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plitudes.

4. The occurrencerequeng of electricfield eventsde-
creasednonotonicallywith increasingmnagnitude.

Thesecondartof this studyfocusednindividualevents
selectedrom thestatisticaldatabaseTheselectiorcriterion
wasthatthe amplitudeof the £z componenexceededl00
mV m~!. Overtheentireperiodof 2 years,24 eventswere
found. The importantresultsregardingthe largestelectric
fieldsaresummarizedsfollows:

1. About85%of theeventsoccurredn thevicinity of the
outer boundaryof the plasmasheet;the remainingevents
occurredfurtherinto the plasmasheefCPS).

2. Thelocationof the outerboundaryof the plasmasheet
rangedrom 65° to 78° ILAT for the plasmasheetcrossings
associateavith the 24 events.

3. The eventsoccurredin regions of large-scalefield-
alignedcurrents.

4. Thepolarity of theelectricfieldswasdominantlyin the
north-southdirection, perpendiculato the nominal plasma
sheetboundary

5. Theeventsoccurredwith a 2-4% probabilityperPolar
plasmasheetcrossing.

6. For a large fraction (<50%) the ratio of electricand
magnetidieldsyieldedwave phaserelocitiesof 8600-18,000
km s~!, whichwasin therangeof thelocal Alfv €nvelocity
of 12,000to 21,000km s~ 1.

7. A majority of the events (21 events)was associated
with largefield-alignedPoynting flux (~1 ergscm~2s71) di-
recteddownwardinto the NorthernHemisphera@onosphere.

8. For 14 eventsit wasshawn thatthey occurredduring
timesof rapidchangesn the H (or X') componenbf ground
magnetometedatain closetemporalproximity to geomag-
netic disturbancessuch as substormonset/intensification.
For theremainingeventsit wasfoundthatthey alsooccurred
duringactivetimesdeterminedrom the AFE index.

From theseresultsit is evident that large perpendicular
electricfields(>20mV m~!) obsenedonauroralfield lines
arerelated although onthebasisof thestatisticabartof this
study we can not conclusiely decideof what origin they
are.However, besidethe oftenquotedelectrostatienodelto
explainthe bulk of auroralelectricfields, it wasstatistically
shown, for the first time at altitudesbetweend and7 Rg,
thatthe Alfv enwave modelcannotberuledoutasapossible
generatiormechanismDespitetheambiguityof the statisti-
cal study we canconclude pn the basisof the E-to-B ratio
andthephasingelationshipof theelectricandmagnetiger
turbationfieldsfor individual events,thata large fraction of
thelargestevents(>100mV m~1) aretheperturbatiorfields
of Alfv énwaves. The othereventsrequirefurtherinvestiga-
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tion. Poynting flux calculationsfor the 24 eventsindicate
that thereis a clear dominanceof downward field-aligned
Poynting flux. Thisresultis in agreementvith Wygantetal.

[2000], Keiling etal. [2000], andToivanenetal. [2000]. We
also demonstratedhat the largestevents(>100 mV m—1!)

occurredduringtheexpansion(or intensificationphaseand
thus thereis further evidencethat electromagneti@negy
transferprocessesccurduring the mostdynamicphaseof

geomagnetidisturbances.
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Table 1. GroundMagnetometeStationsusedin Figures9 and10

StationName MagnetometeArray  GLAT, deg GLON, dgg
Gillam CANOPUS 56.38 265.36
Dawson CANOPUS 64.05 220.89
Igaluit MACCS 63.8 291.5
Pangnirtung MACCS 66.1 294.2
Tixie 210MM 65.7 197.1
Kotel'nyy 210MM 69.9 201.0
Hopenlsland IMAGE 74.02 110.48
Bearlsland IMAGE 71.33 108.73

Table 2. PolarEphemeridDatafor the Eventsin Figures9 and10

Date Geocentridistance MLT L Value
May 23,1996 5.8 2202 9.0
Sept.15,1996 5.1 0235 8.6
Sept.23,1996 5.0 0230 16.0
Nov. 15,1996 6.5 2304 17.8
Feh 11,1997 5.5 0325 10.0
April 2,1997 5.1 0005 8.0
April 3,1997 6.5 0052 12.2
April 21,1997 5.5 2249 7.8
May 1, 1997 5.2 2320 7.8
May 9, 1997 4.8 2157 9.0
Aug. 3,1997 4.8 0414 6.0
Aug. 29,1997 4.6 0242 6.5
Feh 18,1998 4.3 0325 8.5
Feh 25,1998 47 0154 8.5
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Noon-midnight projection (|E,|>20 mV/m)
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Figure 1. Projectionof electricfield eventswith perpendiculaamplitudelargerthan20 mV m—! occurringbetween0900
and1500MLT andbetweer?100and0300MLT ontothe noon-midnightplane(NorthernHemisphere).
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Figure 2. Distribution of in situ electricfield eventsplottedversusgeocentriaistance The eventsarethosethatlie between
65°>ILAT>75° and2100<MLT<0300(box outlinedin Plate2a).
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Plate 1. Plasmasheetcrossingon August29, 1997,shaving large-amplitudeelectricfields. (a,b) Two electricfield compo-
nentsin the spin planeof the satellite(E x is approximatelyin the ecliptic plane,with positive valuesin the directionaway
from the Sun; Ez pointsnorthward and perpendiculato the ecliptic plane,approximatelyalong GSE z), (c) the magnetic
field perturbationfrom the ambientfield (pointing east-west)(d) the electrondensity and (e,f) enegy-time spectrograms
of ionsandelectrons.The satelliteleft the plasmasheetfor thefirst time at ~1033UT, shortly after which it reenteredhe
plasmasheetat ~1037UT.
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|E,| > 20 mV/m |E;| > 50 mV/m
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|E,| > 100 mV/m Data Coverage
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(€) (d)

Plate 2. Distribution of electricfield eventsasa function of ILAT andMLT for valueswith (a) |[Ez| >20 mV m~1, (b)
|Ez| >50mV m~1, and(c) |[Ez| >100mV m~1. Theboxoutlinedin Plate2aindicatesheregionthatis usedfor otherparts
of thestatisticalanalysis.(d) Thedatacoverageby the Polarsatellite. The color scaleindicateshetime spentperunit area.
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Contour curves (Polar data) Dipole

mapping (Model)
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Figure 3. Comparisorof Polardataand modelcalculationsregardingthe altitude dependencef electricfields. (a) Four
contourcurves(0.5, 1, 5, and 10%) calculatedrom the datashown in Figure2. (b) Calculationof quasi-staticallymapped
electricfieldsin adipole magnetidield usingequation(1). Thefirst datapointsto theleft of eachcontourcurvein panel(a)
wereusedasreferencevalues(seetext for furtherdescription).

Three mapping schemes
BON, T
60 a
2 w0 T e
N H Dipole

Alfven

20 i \T i

Geocentric Distance (RE)

Plate 3. Comparisorof threemappingschemes.The red (green,blue) curvesare calculatedfrom equation(1) (equation
(2), equation(3)). The referencevalues(interceptionof curves)were chosento be the samefor all schemegseetext for
description).
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Figure 4. Thelocal Alfv énspeedy 4, in the plasmasheetassociatedvith 41 randomlyselectedeventsof the electricfield
databasegalculatedrom in-situ measurementsf the field andplasmaparameters.
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Figure 5. Probabilitiesof electricfield eventsas a function of the electricfield value. The eventsare thosethat lie be-
tween65°<ILAT<75° and2100<MLT<0300(box outlinedin Plate2a). The electricfield dataweregroupedinto bins of
10 mV m~! width. The left scaleshavs the probability of an event occurrenceawithin the definedregion. The right scale
shaws the probability of observingat leastoneeventwithin a certain10 mV m~! bin per Polarplasmasheetcrossing(see

text for furtherdescription).
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Figure 6. Comparisorof the magnitude®f thetwo perpendiculaelectricfield componentgeast-wesandnorth-south¥or
the 24 largestelectricfield eventsfoundduring 2 yearsof Polaroperation.

Figure7. Thegeographidocationsof the Canadiarmuroral Network For the OpenUnified Study(CANOPUS)stations.The
solidline indicatesPolar's magnetidfootpointon August29, 1997,from 1000to 1100UT.
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Figure 8. X componentof CANOPUS stations. All stationsrecordeda strong substormsignature(with the exception
of CONT), startingat ~1035 UT. The magnetogranmat Dawson (DAWS) shavs the sharpesnegative turning of the X
componen{~1000nT), indicatingthatthe substornmelectrojetwasclosesto it.
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(a) August 29, 1997 (b) April 21, 1997
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Figure 9. (a) The perpendiculaelectricfield measuredy Polarin comparisorto the X componenmeasuredy the Fort
McMurray magnetometefor August29, 1997. (b) The perpendiculaelectricfield measuredby Polarin comparisorto the
H componentneasuredby the Tixie magnetometefor April, 21,1997.
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Figure 10. Temporalcomparisorof largeelectricfield eventsmeasuredby Polarandgroundmagnetometedata. Depending
on the magnetometechain,eitherthe unfiltered H or X components shavn. The verticallinesindicatetimeswhenPolar
obsenedelectricfield fluctuationdargerthan100mV m—!. Eachpanelshawvs a differentsubstorm/plasmsheetcrossing.
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Plate 4. Two PSBL crossingswhich shoved large-amplitudeperpendiculaelectricfields. (a-e) Fromtop to bottom,one
electricfield componen{approximatelyalongGSE z; 6 s averaged)the west-eastomponenbf the magneticfield (model
subtracted6 secaveraged)the Poynting flux associatedavith electricandmagneticfield perturbationgseetext for descrip-
tion), andenegy-timespectrogramsf ionsandelectrons(f-j) Sameasin Plates4a-4ebut for October29,1996.



